Ten strains of Gram-stain-negative, rod-shaped, non-spore-forming bacteria were isolated from the burial mound soil collected before the dismantling and samples collected during the dismantling work on the Takamatsuzuka Tumulus in Asuka village, Nara Prefecture, Japan in 2007. On the basis of the 16S rRNA gene sequence analysis of the isolates, they were accommodated in the genus Gluconacetobacter (class Alphaproteobacteria) and can be separated into four groups within the cluster containing the genus Gluconacetobacter. One of the groups demonstrated a phylogenetic position identical to that of Gluconacetobacter asukensis, which was isolated from small holes on plaster walls of the stone chamber interior of Kitora Tumulus in Asuka village, Nara Prefecture, Japan. The remaining three groups consisted of novel lineages within the genus Gluconacetobacter. A total of four isolates were selected from each group and carefully identified using a polyphasic approach. The isolates were characterized on the basis of their possessing Q-10 as the major ubiquinone system and C 18 : 1 v7c (58.5-65.2 %) as the predominant fatty acid. A DNA-DNA hybridization test was used to determine that the three lineages represented novel species, for which the names Gluconacetobacter tumulisoli sp. nov., Gluconacetobacter takamatsuzukensis sp. nov. and Gluconacetobacter aggeris sp. nov. are proposed. The type strains are T611xx-1-4a T (5JCM The Takamatsuzuka Tumulus (TT), a circular burial mound located in Asuka village, Nara Prefecture, Japan, is thought to have been built in the late seventh to early eighth century and was designated a special historic site by the Japanese Agency for Cultural Affairs (ACA) in 1973. This tumulus is well-known to the Japanese because it has polychrome mural paintings on the walls of the stone chamber. In particular, the painting of a group of four women on the west wall is commonly called the 'Asuka beauties (Asuka Bijin)'. All of the paintings were designated national treasures by the government in 1974. In accordance with the specialists' advice, the mural paintings in the chamber interior were preserved and have never been open to the public. However, the colourful mural paintings covering the interior walls and ceilings of the stone chambers have been damaged by biodeterioration (Ishizaki & Kigawa, 2011 organized by the Japanese ACA dismantled the chamber. By mid 2007, all of the colourfully painted stone walls were relocated to an outside facility in Asuka village for necessary restoration and to save them from further deterioration.
To elucidate the cause of biodeterioration of the mural paintings, we have been conducting microbiological surveys inside the TT chamber since May 2004. We employed molecular biological methods, in addition to conventional approaches of sample collection, isolation and phenotypic characterization, to elucidate the microbiota, identified major microbial colonizers and attempted to determine the causes of biodeterioration (Sugiyama et al., 2009) . Meanwhile, acetic acid bacteria were isolated from small holes on plaster walls of the stone chamber interior of the Kitora Tumulus (KT), which is located near the TT and has a stone chamber interior that had polychrome mural paintings depicted on thin plaster (Tazato et al., 2012) . These acetic acid bacterial isolates suggested the possibility of their involvement in the deterioration of the plaster because they were able to produce organic acids (Sano et al., 2010; Kigawa et al., 2013) . Initially, acetic acid bacteria were not isolated from the TT samples using the cultivation method. However, through a molecular phylogenetic approach, it was suggested that the acetic acid bacteria might have existed in the samples collected during dismantlement or from the burial mound soil [obtained using the denaturing gradient gel electrophoresis (DGGE) method; these data will be published elsewhere]. Therefore, we have used the enrichment culture method on samples from which the band pattern indicative of acetic acid bacteria was detected. We have obtained ten isolates from seven TT samples. In this article, we describe the taxonomic characterization of the isolated acetic acid bacteria and propose three novel species in the genus Gluconacetobacter (class Alphaproteobacteria). In addition, we briefly describe three TT isolates that were assignable to Gluconacetobacter asukensis (Tazato et al., 2012 ).
An enrichment culture method was used to isolate acetic acid bacteria from nine TT dismantlement samples including one mound soil sample. These nine samples were selected because the detected bands in the respective samples were seemingly derived from acetic acid bacteriaspecific 16S rRNA gene sequences in the DGGE analysis results. For enrichment of acetic acid bacteria, the medium [consisting of glucose (10 g); ethanol (5 ml); yeast extract (5 g); peptone (3 g); CaCO 3 (5 g); distilled water (900 ml); and 10 % (v/v) potato extract per litre (adjusted to pH 4.2-4.5)] devised by Yamada (1986) was used. The samples were each inoculated in a broth medium and kept in a stationary slant culture for 7 days at 30 u C. The acetic acid bacteria were isolated from the biofilm that formed on the surface of the enrichment culture broth. The biofilm was spread onto the surface of GYC agar plate medium (De Ley et al., 1984) containing glucose (5 g), yeast extract (1 g), CaCO 3 (3 g), agar (2.5 g) and distilled water (100 ml; pH was unadjusted). A total of ten isolates were obtained from seven samples. All the isolated strains used in this study are listed in Table S1 The almost-complete 16S rRNA gene sequences of all the isolates (approximately 1420 bp) were determined according to previously described methods (Tazato et al., 2012) . Sequence comparisons on the basis of 16S rRNA gene sequences in DDBJ (http://www.ddbj.nig.ac.jp/) indicated that the isolates had phylogenetically diverged from the genus Gluconacetobacter (class Alphaproteobacteria). The ten isolates were separated into four groups by 16S rRNA gene sequence similarity. The 16S rRNA gene sequence similarity percentages of the isolates and closely related strains are shown in Table S2 . The sequences of T7417-20-1a, T7530-19-1a, T7622-7-1a and T611xx-1-1a were completely identical, and their sequence alignments were exactly similar to those of G. asukensis K8617-1-1b T . In addition, isolates T6203-4-1a
T and T611xx-1-3a had identical sequences and these were closely related to the sequences of G. asukensis K8617-1-1b T (99.3 %) and G. tumulicola K5929-2-1b T (99.1 %). Furthermore, isolates T61213-20-1a
T , T61213-21-1a and T61xx-1-2a had identical sequences and were closely related to the sequences of G. liquefaciens NBRC 12388 T (99.3 %) and G. asukensis K8617-1-1b T (99.2 %). The sequence of isolate T611xx-1-4a
T was most similar to those of G. johannae CFN-Cf55 T (98.8 %) and G. azotocaptans CFN-Ca54 T (98.5 %). The degree of sequence similarity among the four groups was 97.7-99.3 %. The neighbour-joining phylogenetic tree depicted in Fig. 1 was reconstructed and the respective type strains T6203-4-1a T (and one other strain), T61213-20-1a T (and two other strains) and T611xx-1-4a T were assigned together in a cluster of the genus Gluconacetobacter, but formed an independent subgrouping that was tightly clustered away from the type strains of previously known species. In addition, the three groups of isolates were phylogenetically divided into three novel lineages. The type strains T6203-4-1a T , T61213-20-1a
T and T611xx-1-4a T designated herein, comprised different lineages.
Four isolates, T6203-4-1a
T , T61213-20-1a T , T611xx-1-4a
T and T7417-20-1a, from the four different groups were selected for subsequent experiments. Methods for observing cell morphology, characterizing conventional phenotypic features and examining carbohydrate assimilation and fermentation were employed as described previously (Tazato et al., 2012) . The fatty acid profiles and quinone systems of the isolates were analysed using the same conditions as used by Tazato et al. (2012) . The cellular fatty acid (CFA) profiles were determined from cells of four isolates grown for 48 h at 30 u C when growth had reached the maximum, under aerobic conditions on DSM medium 105 [Gluconobacter oxydans medium containing (l 21 ) glucose, 100 g; yeast extract, 10 g; CaCO 3 , 20 g; and agar, 15 g; adjusted to pH 6.8, (see http://www.dsmz.de/ microorganisms/medium/pdf/DSMZ_Medium105.pdf)].
The four isolates were Gram-stain-negative, rod-shaped, aerobic and asporogenous. Isolates T6203-4-1a
T , T61213-20-1a T ( Fig. S1 ) and T7417-20-1a were motile with peritrichous flagellation but isolate T611xx-1-4a T was non-motile. All isolates were catalase-positive and oxidase-negative. Isolate T611xx-1-4a
T produced a watersoluble brown pigment on DSM medium 105 but the other three strains did not. Growth was observed at 15-30 u C but not at 37 u C (optimum: 20-30 u C). The pH range for growth was 3.0-6.8. The isolates were capable of acid formation using both glucose and ethanol. Both sodium acetate and sodium lactate were oxidized. Growth was observed on glutamate agar and mannitol agar but not in 
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10 % ethanol. All of the four tested strains grew on LGI medium (Dutta & Gachhui, 2007) at 30 u C, which contained no combined nitrogen. Reprecipitation of CaCO 3 on the DSM medium 105 plates was observed for both isolates T6203-4-1a T and T61213-20-1a T . Isolate T611xx-1-4a
T produced c-pyrones from D-glucose, but the other three isolates did not. Whereas, isolates T6203-4-1a
T and T7417-20-1 produced c-pyrones from D-fructose, but T61213-20-1a T and T611xx-1-4a T did not.
Summarized in Table 1 are the characteristics that differentiate the three novel species proposed herein from each other and from their closest phylogenetic neighbours. The strains are distinguished from each other on the basis of the production of a water-soluble brown pigment on DSM medium 105, the ability to grow on 0.1 % xylose and mannitol as sole carbon sources, production of acid from 1-propanol, the ability to perform ketogenesis from Dglucose and production of c-pyrones from D-fructose or Dglucose. On the other hand, phenotypic features of isolate T7417-20-1 were identical to those of G. asukensis. Isolate T611xx-1-4a T was distinguished from the phylogenetically related species, G. azotocaptans and G. johannae by motility, ketogenesis from glycerol and utilization of Dsorbitol. Isolate T61213-20-1a T differed from other species of the genus Gluconacetobacter because it did not produce c-pyrones from both D-glucose and D-fructose. Isolate T6203-4-1a
T showed a positive reaction for ketogenesis from glycerol and production of 5-ketogluconic acid from D-glucose, but the phylogenetically closest species G. asukensis was negative for these characters. Other detailed phenotypic features of the isolates are listed in Table 1 and in the description of each species.
Fatty acid profiles and respiratory quinones of the four isolates were determined using the methods described previously (Tazato et al., 2012) . CFA analysis of each isolate indicated that C 18 : 1 v7c was the most abundant component (58.5-65.2 %) ( Table 2 ). CFA profiles of our isolates agreed with those in the description of the genus Gluconacetobacter by Yamada et al., (1997) . Analysis of the respiratory quinones revealed that four isolates had ubiquinones, with Q-10 (88.6-96.5 %) as the major quinone and Q-9 (3.5-11.4 %) as the minor component. Such quinone profiles are common among strains belonging to the genus Gluconacetobacter (Yamada et al., 1969; Yamada & Yukphan, 2008) .
The determination of the G+C contents of genomic DNA of the four isolates was performed according to the methods described previously (Tazato et al., 2012) . DNA-DNA hybridization experiments on our isolates and six closely related type strains of six species (G.
T and G. johannae DSM 13595 T ) were performed according to the method described by Ezaki et al. (1989) . The strain combinations used for DNA-DNA hybridization examination were chosen on the basis of 16S rRNA sequence similarities above 98.7 % (Table S2) , as described by Stackebrandt & Ebers (2006) .
The results of DNA base composition determination and DNA-DNA hybridization experiments are shown in Table  1 and Table S3 , respectively. The G+C content of DNA of the four isolates was 65.2-66.6 mol%. These values are similar to the DNA G+C contents of three known species of the genus Gluconacetobacter described in previously published papers (Yamada et al., 1997; Gillis et al., 1989; Franke et al., 1999) Table S3 . Levels of DNA-DNA relatedness measured were .70 % between strains T7417-20-1a and G. asukensis K8617-1-1b T . On the other hand, the relatedness values between each combination of the other isolates and reference strains tested were ,56 %. These DNA-DNA hybridization values clearly indicated that the three isolates, T6203-4-1a
T , T61213-20-1a T and T611xx-1-4a T , represented three novel genomic species assignable to the genus Gluconacetobacter in the light of the 70 % pragmatic and operational guideline for species delineation (Wayne et al., 1987) .
As of 2012, the genus Gluconacetobacter includes 19 species. The genus was separated into two groups on the basis of the G+C content of DNA, quinone system and 16S rRNA gene sequence divergence (Navarro & Komagata, 1999; Yamada & Yukphan, 2008) . Recently, one group mainly comprising fermented food-associated species, such as Gluconacetobacter xylinus and Gluconacetobacter europaeus, was proposed to represent a novel genus Komagataeibacter by Yamada et al. (2012 Yamada et al. ( , 2013 . All of our isolates were closely related to the G. liquefaciens group species which were mainly isolated from plant material such as fruits, flowers, sugar cane and coffee plants, as well as soil or rhizosphere samples (Yamada & Yukphan, 2008) . In the four isolate groups, three groups were classified as representing novel species in the genus Gluconacetobacter on the basis of this polyphasic taxonomic study. These species were distinguished from other species based on their motility, utilization of carbon sources, ketogenesis and pigment production on DSM medium 105 plates. One isolate group represents G. asukensis (Tazato et al., 2012) , which was originally isolated from a decayed plaster sample collected from the KT. This result was interesting because these acetic acid bacteria might be ubiquitously distributed in the area of Asuka village in Nara Prefecture, Japan. One of our isolates, T6203-4-1a T , was obtained from a soil sample collected from the tumulus mound before relocation of the stone chamber. Out of the seven samples that were used for isolation in this study, one sample provided isolates of all four groups. These results suggest that the ubiquitous acetic acid bacteria around the tumulus either directly invaded or surrounded the walls of the stone chamber. According to Yamada et al., (2013) , members of the genus Komagataeibacter are distinguished from members of the genus Gluconacetobacter by motility, cpyrone production, water-soluble brown pigment and 2,5-diketogluconic acid production. However, G. asukensis and our two isolates (T6203-4-1a
T and T61213-20-1a T ) did not produce water-soluble brown pigment on DSM 105 plates, T611xx-1-4a
T did not show motility and T61213-20-1a T did not produce 2,5-diketogluconic acid. These features were maybe exceptional among the characteristics of the genus Gluconacetobacter. G. diazotrophicus, G. azotocaptans and G. johannae are known to possess nitrogen-fixing abilities (Gillis et al., 1989; Fuentes-Ramírez et al., 2001) . We observed growth of our isolates on a nitrogen-deficient medium, although tests were not carried out using the acetylene reduction or other methods for testing nitrogen fixation ability. However, these findings suggest that these bacterial isolates might play the role of a nitrogen supplier in the environment around the tumulus.
In conclusion, the results derived from our polyphasic systematic approach have supported the recognition of one known species, Gluconacetobacter asukensis, previously proposed by us (Tazato et al., 2012) and three novel species of the genus Gluconacetobacter (family Acetobacteraceae, order Rhodospirillales, class Alphaproteobacteria), for which we propose the names Gluconacetobacter (Tazato et al., 2012, except where indicated) . All taxa shown were negative for growth on 10 % ethanol; catalase-positive and oxidase-negative; oxidized acetate and lactate to CO 2 and water; were positive for acid production from glucose and ethanol; negative for acid production from D-mannitol and sorbitol; positive for growth on glutamate and mannitol agars; positive for growth on ethanol as sole carbon source; negative for growth on methanol as sole carbon source; and negative for formation of H 2 S. The major fatty acid and ubiquinone in all taxa were C 18 : 1 v7c and Q-10, respectively. +, Positive; 2, negative; ND, no data available. dData from this study; DSM medium 105 (see text) was used as GYC medium. §Data obtained from this study.
Three novel species of the genus Gluconacetobacter tumulisoli sp. nov., Gluconacetobacter aggeris sp. nov. and Gluconacetobacter takamatsuzukensis sp. nov.
Isolates assignable to Gluconacetobacter asukensis Tazato et al. 2012
The 16S rRNA gene sequences of isolates T611xx-1-1a (the culture of this isolate died out soon after our preliminary identification based on the 16S rRNA gene sequence), T7417-20-1a, T7530-19-1a and T7622-7-1a showed the same phylogenetic position as that of the type strain, Gluconacetobacter asukensis K8617-1-1b T (Fig. 1) . The phenotypic and genotypic characteristics of the isolate T7417-20-1a coincide with those of G. asukensis K8617-1-1b T such as ketogenesis, carbon source utilization and DNA-DNA relatedness value (viz., greater than 70 % between strains T7417-20-1a and G. asukensis K8617-1-1b T ).
Description of Gluconacetobacter tumulisoli sp. nov. Tazato et al., (2012) .
Fatty acid composition is expressed as percentages of the total. Fatty acids less than 0.5 % in all strains are not described. 2, ,0.5 % or not detected. Data were obtained in this study using the same cultivation conditions (DSM medium 105 containing 10 % glucose at 30 u C for 2 days) and analytical method (MIDI system). as the major component and Q-9 as a minor component. C 18 : 1 v7c is the major fatty acid.
The type strain, T611xx-1-4a T (5JCM 19097 T 5NCIMB 14861 T ) was isolated from clay soil taken from near a spider's web and an ant hole at a plugging stone directly under the plugging stone of the upper north side at the space adjacent to Takamatsuzuka Tumulus in Asuka village, Nara Prefecture, Japan. The DNA G+C content of the type strain is 66.5 mol%.
Description of Gluconacetobacter takamatsuzukensis sp. nov.
Gloconacetobacter takamatsuzukensis (ta.ka.mat.su.zuk.en9sis. N.L. masc. adj. takamatsuzukensis of or belonging to Takamatsuzuka referring to the Takamatsuzuka Tumulus in Asuka village, Nara Prefecture, Japan, the collection site of the type strain). , was isolated from soil taken from the left side wall of the west side in the stone chamber exterior during dismantling work of Takamatsuzuka Tumulus in Asuka village, Nara Prefecture, Japan. The DNA G+C content of the type strain is 66.6 mol%. For strain data for the other two isolates (T61213-21-1a and T611xx-1-2a) assignable to this novel species of the genus Gluconacetobacter, see Table S1 .
Description of Gluconoacetobacter aggeris sp. nov.
Gluconoacetobacter aggeris (ag9ge.ris. L. gen. masc. n. aggeris of mound, referring to the burial mound, where the type strain was isolated).
Cells are Gram-stain-negative rods measuring 0.7-0.861.2-2.0 mm and are motile due to peritrichous flagellation. Strictly aerobic, catalase-positive and oxidasenegative. Water-soluble brown pigment is not produced on DSM medium 105. Lactate and acetate are oxidized to CO 2 and H 2 O. Acetic acid is not required for growth. Grows at pH 3.0-6.8 and at 15-30 uC (optimum: 20-30 uC) . Acid is produced from D-glucose, 1-propanol and ethanol but not from D-mannitol or sorbitol. Capable of ketogenesis from glycerol. 5-Ketogluconic acid is produced from D-glucose but not 2-ketogluconic acid or 2,5-diketogluconic acid. cPyrones are produced from D-fructose, but not from Dglucose. H 2 S is not produced. Grows on glutamate agar and mannitol agar but not in 10 % ethanol. Growth occurs on 0.1 % ethanol, sodium acetate, 1-propanol, meso-ribitol, D-mannitol, D-ribose, D-fructose, D-glucose, calcium gluconate, sucrose and sodium DL-lactate as sole carbon sources, but not on methanol, L-arabitol, meso-xylitol, sorbitol, myo-inositol, dulcitol, D-xylose, D-lyxose, Dfucose, L-arabinose, D-galactose, D-mannose, L-sorbose, cellobiose, maltose, raffinose, dextrin, sodium malonate, sodium L-malate or sodium citrate. Growth occurs on nitrogen-free LGI medium at 30 u C. The ubiquinone system consists of Q-10 as the major component and Q-9 as a minor component. C 18 : 1 v7c is the major fatty acid.
The type strain, T6203-4-1a T (5JCM 19092 T 5NCIMB 14860 T ), was isolated from soil taken 5 cm below the surface in a bamboo grove of the burial mound of Takamatsuzuka Tumulus in Asuka village, Nara Prefecture, Japan. For strain data regarding the other isolate (T611xx-1-3a) that was assigned to this novel species of the genus Gluconacetobacter, see Table S1 . The DNA G+C content of the type strain is 65.4 mol%.
